. QTL analysis of body composition and metabolic traits in an intercross between chicken lines divergently selected for growth.
quantitative trait locus; correlated selection response THE CHICKEN IS BECOMING a prime vertebrate model for the genetic dissection of complex phenotypic traits because of the release of a high-quality draft genome sequence at 6.6ϫ coverage (9) and a genetic map comprising 2.8 million singlenucleotide polymorphisms (SNPs; Ref. 10). Other merits with the chicken include a fairly small genome size (1.06 Gbp) and a high recombination rate (9) . There also exist a number of chicken lines that carry mutations causing a monogenic phenotype or that have been selected for different purposes (3) . One example is the high-(HW) and low-weight (LW) lines developed at the Virginia Polytechnic Institute and State University (Blacksburg, VA) from a base population of the White Plymouth Rock breed (5, 17) . The selection experiment was initiated in 1957, and, after more than 40 generations of divergent selection solely on body weight at 56 days of age, the two lines differ ninefold in weight at this age, corresponding to approximately eight standard deviations. A number of correlated responses for body composition and metabolic traits have been obtained. The HW birds become obese and must be feed restricted to avoid severe metabolic disorders, whereas the LW birds tend to be anorectic and are very lean. The HW birds have elevated plasma concentrations of glucose, insulin, lipids, and glucagon and show impaired glucose tolerance (4, 5) . Thus these two lines are novel models for metabolic disorders in humans. We have generated an intercross between the HW and LW lines comprising Ͼ800 F 2 birds. In a previous study, we reported the identification of 13 quantitative trait loci (QTLs) affecting growth (11) . However, each of them explained only a small portion of the residual variance for body weight at 56 days in the F 2 generation (1.3-3.1%), and combined they explain at most ϳ50% of the difference between the two lines.
In this study we report the QTL analysis of body composition and metabolic traits. In addition, we analyzed phenotypic differences between reciprocal crosses that may be caused by maternal effects, QTLs on sex chromosomes, or genetic variation in mitochondrial DNA.
MATERIALS AND METHODS

Experimental Animals
The HW and LW selection lines have been developed and maintained at the Virginia Polytechnic Institute and State University in Blacksburg, VA (5, 17) . The base population was formed by crossing seven partially inbred lines of White Plymouth Rock chickens. The selection lines have been maintained at the same location as closed populations selected for either high or low body weight at 56 days of age. Birds representing generation 41 of this long-term selection experiment were used to generate a reciprocal F 2 intercross. Ten HW males were mated to 22 LW females, and 8 LW males were mated to 19 HW females to produce each reciprocal half of the cross, i.e., H ϫ L and L ϫ H F 1 progeny (Fig. 1) . From the F1 generation, 4 HL males were intercrossed to 37 LH females, and 4 LH males were intercrossed to 38 HL females. A total of 874 F 2 offspring comprising 75 full-sib families were used for QTL analysis. All F 2 birds were from a single hatch and were killed on the same day at 70 days of age. The intercross was raised using the same dietary formulation and feeding program as was used for the founder lines. The experimental procedure was approved by the Animal Care Committee at the Virginia Polytechnic Institute and State University, which adheres to United States Department of Agriculture and National Institutes of Health guidelines.
gizzard fat were not included in the measurement of abdominal fat weight. The weight of pectoralis major was collected for breast muscle weight. The weight of shank (metatarsus) plus toes and lung was also recorded separately.
In addition to the body composition traits, plasma concentrations of glucose, cholesterol, triglycerides, insulin, glucagon, and IGF-I were measured. For practical reasons, it was not possible to collect the blood samples from fasted birds, although this would have been preferred. At 63 days of age, blood samples were collected via the brachial vein, and plasma was separated from whole blood within 1 h of collection. Plasma samples were frozen immediately and stored at Ϫ70°C. At the time of assay, samples had been thawed and refrozen for other assays one time. The concentrations of glucose, cholesterol, and triglycerides were recorded using the Beckman Synchron CX system. Glucagon levels were determined using a glucagon radioimmunoassay kit (ICN Pharmaceuticals). Insulin was measured by the ImmuChem Coated Tube Insulin 125 I Radioimmunoassay kit (ICN Pharmaceuticals). IGF-I was also assayed by a radioimmunoassay (ALPCO Diagnostics).
Several of the physiological traits showed significant deviations from normality and were transformed using the natural logarithm (i.e., glucose) or the square root (i.e., triglycerides, insulin, glucagon, and IGF-I) to remove skewness. Extreme outlying values were excluded based on an ascertainment of normality (see Table 1 ) to reduce the risk of statistical artifacts in the QTL analysis.
Genetic Marker Data
Genotype data on 145 DNA markers representing 26 linkage groups have been generated for this intercross (12) . The total map length, summarizing the intervals flanked by markers, was 2,469.8 cM. The average distance between adjacent markers assigned to linkage groups was 17.0 cM, but there were seven gaps Ͼ40 cM. Average information content was 0.72 when information on flanking markers was taken into account. The map fits well with previously published linkage maps (24) and with the genome assembly of February 2004, which is available at the ENSEMBL (http://www.ensembl.org) and the UCSC (http://genome.ucsc.edu) genome browsers.
Statistical Analysis
Analysis of variance (ANOVA) was performed using Minitab (20) to identify factors affecting phenotypic variation. Significant effects of family (for all traits) and sex (in the case of abdominal fat, breast muscle, lung, shank, cholesterol, triglycerides, and body weight) were observed, and these were therefore included in the model for QTL analysis. The 70-day body weight was included as a covariate in the QTL analysis of body composition traits. Thus all results concerning body composition traits were compared at an adjusted equal body weight. Pearson correlation coefficients and the significance of each pairwise comparison of traits were estimated with the correlation procedure of Minitab, and the effect of reciprocal cross (i.e., HLLH and LHHL) was analyzed using the ANOVA and regression procedures (20) .
A least-squares method for QTL analysis of outbred populations was used for autosomes (8) . Marker genotypes were used to estimate probabilities of the parental origin of each gamete at 1-cM intervals through the genome. These conditional probabilities were used to calculate coefficients of additive and dominance components for a putative QTL at each position under the assumption that the QTL was fixed for alternative alleles in the parental lines. Residuals derived from the ANOVA were used as the dependent variable and regressed onto the additive and dominance coefficients in intervals of 1 cM. At each position, an F-value comparing a full model with a model without a QTL was calculated. A two-QTL model was also evaluated. The web-based QTL express program (http://qtl.cap.ed.ac.uk) was used for single-and two-QTL analyses (25) . For no. of individuals (n), values in parentheses are the no. of individuals excluded based on ascertainment of normality. *Data transformed using natural log. †Data transformed using square root.
Inclusion of previously detected QTLs should decrease the residual variance and thereby increase the statistical power to detect QTLs with smaller effects (13, 26) . Therefore, the additive and dominance regression indicator variables for the most significant single QTL in the initial analysis were added as covariates, and a new genome scan was carried out using the updated model. Coefficients of additive and dominance components for the putative QTLs at each position through the genome, computed by QTL express, were transferred to the QTL Fast program (1, 18) for these analyses. QTL mapping for the Z chromosome was performed using the Qxpak package based on the dosage compensation model (23) .
To address the multiple testing issue in QTL scans, genome-wide and chromosome-specific empirical significance levels of the test statistic were established by randomization using 1,000 permutations of data (2). Genome-wide thresholds for highly significant (␣ ϭ 0.01) and significant linkage (␣ ϭ 0.05) were employed as proposed by Lander and Kruglyak (15) . The chromosome-wide 5% significance levels obtained for chromosome 4 were used as suggestive evidence for the presence of QTL because the genetic map length for this chromosome constitutes ϳ5% of the total map length for chicken. By using this suggestive significance threshold, we expected to obtain one false positive QTL per genome scan and trait. We employed the 1-LOD (logarithm of odds) drop method to estimate confidence intervals for identified QTLs at the suggestive and significant level of significance (22) .
RESULTS
Descriptive Statistics
The overall means and standard deviations of body weight, body composition traits, and metabolic parameters for the F 2 generation derived from a reciprocal intercross between the HW and LW lines are presented in Table 1 . The body weight at 56 days of age can be compared with the corresponding means and standard deviations for the HW line (1,522 Ϯ 212 g), the LW line (181 Ϯ 33 g), and the F 1 birds (768 Ϯ 143 g). Data on body composition and metabolic traits have not been recorded on the F 1 generation, but previous studies have documented that HW chickens exhibit markedly higher mean weights of abdominal fat, altered body composition, and elevated plasma levels of glucose, lipid, insulin, and IGF-I (5).
A statistical analysis of the phenotypic data from the F 2 population revealed that a number of the traits were significantly correlated (Table 2) . Body weight was strongly correlated with body composition traits (r ϭ 0.64 or higher). Positive correlations were also found between abdominal fat and both muscle weight and weight of internal organs (r ϭ 0.39 to 0.56). However, some traits did not show significant associations, suggesting that loci influencing these phenotypes may segregate independently. For example, there was no significant correlation between glucagon and insulin levels.
Significant Phenotypic Differences Between Reciprocal Crosses
The evaluation of possible phenotypic differences between reciprocal crosses (i.e., HLLH, LHHL) was performed for each sex separately to allow us to conclude the basis for any observed effect (Tables 3 and 4 ). Consistent and highly significant effects of reciprocal crossing were found in both males and females for weight at hatch and for several metabolic traits (plasma concentrations of glucose, cholesterol, insulin, and IGF-I). The effect of reciprocal crosses explained an astonishing 15-35% of the residual phenotypic variance for weight at hatch, glucose, and insulin concentrations. If the maternal grand-dam originated from the HW line, the F 2 chickens had higher weight at hatch, higher glucose, and lower insulin concentrations (Table 3) . A minor reciprocal cross effect on triglyceride concentration was only significant in females. No significant effect on 56-day body weight was found.
QTL Analysis of Body Composition and Weight of Internal Organs
The results of the QTL analysis are summarized in Table 5 , and the chromosomal locations of detected QTLs are depicted in Fig. 2 compared with the previously reported growth QTLs detected in this intercross (11) . QTL graphs for loci detected on chromosomes 1, 3, and 7 are given in Fig. 3 .
There was a highly significant correlation between body weight at slaughter (i.e., 70 days) and body composition traits (Table 2) . Therefore, body weight at 70 days was included as covariate in the QTL analysis to allow us to detect differences in body composition at a fixed weight. Family and sex were included in the model for those traits where a significant effect of family or sex was detected by the ANOVA.
Abdominal fat deposition. We detected three suggestive QTLs for abdominal fat content (Table 5 ). This is marginally higher than the single suggestive QTL expected to occur as a type I error in a full genome scan. However, we believe that all three reflect true QTL effects because they are all colocalized with QTLs affecting other body composition traits and/or growth (Figs. 2 and 3 ). For two of the QTLs, the allele from the high line was associated with higher fat deposition.
Muscle mass. Two suggestive and two highly significant QTLs for breast muscle weight were detected ( Table 5 ). The latter two were located on chromosomes 1 (around position 467 cM) and 3 (around position 107), and they explained 9 -10% of the residual phenotypic variance when body weight at 70 days was used as covariate. The two QTLs were located in the regions harboring the Growth1 and Growth4 QTLs as well as QTLs for abdominal fat and shank weight. At both these loci, the allele from the high-growth line was associated with higher body weight but less breast muscle mass.
Shank weight. One suggestive and two highly significant QTLs for shank weight were identified ( Table 5 ). The two highly significant QTLs on chromosomes 1 and 27 showed largely additive effects and explained 13.1 and 6.6%, respectively, of the residual phenotypic variance for this trait. At both loci, the allele from the high line was associated with heavier shanks. The QTL on chromosome 1 was colocalized with Growth1 and the QTLs for breast muscle weight and fat deposition described above (Fig. 2) . However, the QTL on 
Superscript H and L indicate that the chromosome/mtDNA originated from the high or low lines, respectively. F-value is F-statistic for the quantitative trait locus (QTL) and level of significance: *genome-wide 5% significance, †genome-wide 1% significance, and ‡suggestive 5% significance. The additive and dominance effects were defined as the deviation of animals homozygous for the high-line allele or heterozygous, respectively, from the mean of 2 homozygotes. Var is the reduction in residual variance of the F2 population obtained by inclusion of a QTL at the given position. Markers 1 and 2 are flanking markers for QTL intervals estimated by the 1-LOD drop method (22) . chromosome 27 was not detected in our QTL analysis of growth.
The suggestive QTL on chromosome 26 showed overdominance, and it may or may not reflect a true QTL effect.
Weight of internal organs. We did not detect any convincing QTL for the weight of lung, bursa, or spleen (Table 5) . We observed five suggestive QTLs for these traits compared with three expected to occur by chance only, when carrying out three genome scans. Only the one for lung weight on chromosome 3 was located in the vicinity of convincing QTLs for other traits (Fig. 2) .
QTL Analysis of Metabolic Traits
The concentrations of glucose, insulin, glucagon, IGF-I, cholesterol, and triglycerides in blood plasma were measured when the birds were 63 days of age. QTL analysis of these six traits revealed one significant and seven suggestive QTLs, which are only marginally higher than what we expect by chance (Table 5) . Six of these QTLs showed a location that overlapped with QTLs for growth and/or body composition (Fig. 2) . The significant QTL for glucose on chromosome 27 showed overdominance; i.e., there was no significant difference between the two homozygotes, whereas the heterozygote had significantly higher glucose values than the mean of the two homozygotes.
DISCUSSION
Forty-one generations of bidirectional selection for body weight at 56 days of age from a common base population resulted in dramatic differences in body weight and a number of correlated responses for body composition and metabolic traits between the high-and low-growth lines. Because the criterion of selection in these two lines across all generations has been solely for high or for low body weight at 56 days of age, we expected that the great majority of QTLs detected in our intercross between these two lines should influence body weight. The results are, in fact, in good agreement with this expectation. We detected 13 QTLs affecting growth that segregated in our reciprocal intercross (11) . Most of the convincing QTLs for body composition and/or metabolic traits de- Confidence intervals for the QTLs were estimated with the 1-LOD drop method (22) . The closest flanking markers of each QTL and some obvious candidate genes are indicated. GGA1, Gallus gallus chromosome 1, etc.; G1-G13, Growth1-Growth13 QTLs.
tected in the present study were located in the vicinity of growth QTLs (Fig. 2) . The only exception was chromosome 27, for which no growth QTL was detected in our previous study (11) but which harbored one highly significant QTL for shank weight and a significant QTL for plasma glucose concentrations. It is an open question whether these results represent one or two QTLs on chromosome 27, but a single QTL is less likely because the shank QTL showed perfect codominance, whereas the glucose QTL showed overdominance. The clear trend for colocalization between QTLs for growth and QTLs for correlated traits may be caused by pleiotropy or "linkage drag;" the latter means that a selection pressure on a QTL will influence the allele frequencies at closely linked QTLs affecting other traits. High-resolution mapping is required to resolve whether any colocalization reflects pleiotropy or linkage (21) .
How can we explain the observation of a highly significant QTL for shank weight at chromosome 27 with no significant effect on growth, despite the fact that the selection scheme was focused entirely on growth? First, the QTL difference on this chromosome may have developed by genetic drift during the course of the selection experiment. This appears less likely, since the observed effect of this QTL makes sense in relation to the phenotypic differences between lines. The QTL allele inherited from the high line was associated with heavier shanks that should be able to carry a heavier bird. Second, it could be a matter of statistical power. The main conclusion from our previous study (11) was that the difference in body weight between the high and low lines was determined by many QTLs, each with a small effect. Many of the QTLs were on the border to reach the stringent statistical significance threshold that is required in a genome scan. Thus the QTL on chromosome 27 may influence growth as well, but it did not reach the significance threshold in the analysis of growth. However, the previous QTL analysis did not indicate the presence of a growth QTL on chromosome 27, not even with the use of a nominal significance threshold. Third, the effect on growth of this locus may have a threshold effect, which means that it is only observed when the birds have reached a certain weight, and most F 2 birds did not pass a putative threshold at which more robust shanks were required for high growth.
Another interesting observation was that the 13 growth QTLs detected in this intercross explained only 1.3-3.1% of the residual phenotypic variance for growth or body weight (11) , whereas most of the significant QTL tests for body composition gave estimates of the explained residual variance higher than this, and three were Ͼ9%. Growth is a highly complex trait affected by many loci influencing appetite, feed uptake, nutrient allocation, body composition, metabolic rate, physical activity, and so forth. This means that any individual locus affecting growth in this cross explains only a rather small fraction of the genetic variance. In contrast, we expect that a more limited number of QTLs affect body composition, and Fig. 3 . Test statistic curves for chicken QTLs detected on chromosomes 1, 3, and 7 using an intercross between the high-and low-growth selection lines. Marker map with distances between markers in Kosambi cM is given on the x-axis. The y-axis represents the F-ratio testing the hypothesis of a single QTL in a given position on the chromosome. Horizontal lines represent the 1% genome-wide and 5% suggestive significance thresholds.
thus each one of them will explain a larger fraction of the variance for the correlated trait in the F 2 generation.
One of the more interesting observations in this study was the highly significant effects of reciprocal crosses on body weight at hatch and on plasma concentrations of glucose, cholesterol, insulin, and IGF-I but with no significant effect on body weight at 56 days of age, the age at which selection took place. The reciprocal cross explains an astonishing 15-35% of the phenotypic variance for body weight at hatch, glucose, and insulin. F 2 chickens having a maternal grandmother from the high line were heavier at hatch and had higher glucose, cholesterol, and IGF-I concentrations but lower insulin levels. To interpret the cause of these effects, one needs to consider the genetic constitution of the F 2 birds as regards mitochondrial DNA (mtDNA) and the sex chromosomes as outlined in Table  4 . Thus, if the same effect is observed in both males and females, it is likely to reflect a maternal effect or genetic differences in mtDNA. An effect only observed in females is likely to reflect differences in the W chromosome, since the F 2 females are "balanced" as regards the Z chromosome. An effect only seen in males would most likely reflect the segregation of QTLs located on the Z chromosome. All the effects of reciprocal crosses showed essentially the same pattern in both males and females. Thus they are most likely caused by either maternal effects or differences in mtDNA. A maternal effect appears to be a plausible explanation for weight at hatch, since F 1 females that are offspring to a high-line female rather than a low-line female are slightly larger, and it is well known that larger females produce larger eggs, which in turn cause a larger hatch weight (7) . A maternal effect appears less likely for the effects on metabolic traits, which thus may be caused by genetic differences in mtDNA. This is a possible explanation because of the key role of the mitochondria in energy metabolism. Interestingly, ϳ0.5-2.8% of all patients with Type 2 diabetes have mtDNA mutations (6) . The question of whether the observed reciprocal cross effects are caused by maternal influence or mtDNA differences can be resolved using data from our forthcoming F 8 intercross generation. Six generations of intercrossing should have randomized any association between maternal effect and an effect caused by differences in mtDNA.
Although the confidence intervals for the observed QTLs are large, we would like to point out some obvious positional candidate genes. The QTL regions on chromosomes 3 and 7 harbor the genes for the IGF-II receptor (IGF2R) and IGFbinding proteins-2 and -5 (IGFBP2, IGFBP5), respectively (Fig. 2) . The suggestive QTL for breast muscle weight on chromosome 4 maps to a region containing the gene for peroxisome proliferative-activated receptor, gamma, coactivator 1 alpha (PGC-1). Previous studies have shown that the nuclear PGC-1 protein is involved in the regulation of genes affecting energy metabolism as well as muscle physiology (14, 19) . Lin et al. (16) showed that expression of PGC-1 is involved in control of fiber type composition in mouse skeletal muscle.
